Immunoglobulin-derived polypeptides enter the regulated secretory pathway in AtT-20 cells  by Castle, Anna M. et al.
Immunoglobulin-derived polypeptides enter the regulated secretory
pathway in AtT-20 cells
Anna M. Castle*, Amy Y. Huang, J. David Castle
Department of Cell Biology, University of Virginia Health Sciences Center, Charlottesville, VA 22908, USA
Received 27 August 1998; received in revised form 21 October 1998
Abstract Constitutively secreted proteins have traditionally
been believed to be excluded from the regulated secretory
pathway. In this work we show that kappa light chain and Fc
fragment, two markers of the constitutive pathway, are present in
the regulated pathway in AtT-20 cells. They colocalize with the
endogenous hormone ACTH and they exhibit stimulus-dependent
secretion. The Fc fragment, which undergoes intracellular
transport at the same rate as the ACTH precursor POMC,
enters the forming secretory granules, however, it is partially lost
during granule maturation. These observations show that classic
constitutive secretory markers are not excluded from the
regulated secretory pathway and that efficient sorting for
regulated secretion occurs above a background of proteins which
enter the granules without sorting.
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1. Introduction
In cells with a regulated secretory pathway, a subset of
secretory proteins is packaged into membrane-bounded secre-
tory granules for discharge by stimulus-dependent exocytosis
whereas other secretory proteins are secreted continually by
the constitutive pathway. Secretory granules originate from
condensing vacuoles that are linked to the trans-Golgi net-
work (TGN); they eventually separate to become immature
granules where processing and condensation of the stored
secretory products proceeds as the granules mature [1,2].
The budding of immature granules from the TGN is viewed
by many investigators as a sorting step for regulated secretory
proteins in which interactions between secretory proteins and
future granule membranes largely exclude the entry of other
itinerant proteins, particularly constitutively secreted proteins.
However, in the past several years, it has been realized that
immature granules also serve as an extension of the TGN
where post-Golgi sorting activities continue. For example,
certain exogenous regulated secretory proteins and lysosomal
prohydrolases enter the immature granules but then are
mostly removed in parallel with completing the packaging
of the stored secretory proteins [3,4]. In view of this organ-
ization, it would appear that transport of proteins into con-
densing vacuoles and immature granules might not be as re-
stricted to proteins for regulated secretion as originally envi-
sioned.
While the role of immature granules in post-Golgi sorting
has gained acceptance [3^8], it has not been clari¢ed whether
constitutive secretory proteins enter the immature granules on
their way to the cell surface or are truly excluded. Proteins
such as immunoglobulin (in particular the kappa light chain
derivative), the soluble form of vesicular stomatitis virus gly-
coprotein (VSV-G), albumin, and heparin sulfate proteogly-
can all have been used as markers of constitutive secretion,
and it has been assumed that they do not enter the regulated
pathway at all [9^12]. Our goal was to examine this issue
directly. For this purpose, we selected polypeptides that are
derivatives of immunoglobulin ^ the Fc fragment and the
kappa light chain (KLC) of mouse immunoglobulin G. In
contrast to truncated VSV-G [13] and heparin sulfate proteo-
glycan [10], the Fc fragment and KLC are not known to bind
to membranes during intracellular transport. Therefore, ac-
cording to the traditional thinking that constitutive secretory
proteins lack sorting interactions and are transported by de-
fault, we thought that the immunoglobulin derivatives would
be advantageous for avoiding interactions that potentially
might in£uence their tra⁄cking.
We have expressed cDNAs encoding the Fc fragment and
KLC in the pituitary cell line AtT-20 which uses the regulated
secretory pathway to export adrenocorticotropic hormone
(ACTH), endorphin and related polypeptides. Employing con-
focal immuno£uorescence microscopy to examine steady-state
distribution and biosynthetic labeling to follow stimulus-de-
pendent secretion, we show that both immunoglobulin-de-
rived polypeptides are readily detected in the regulated secre-
tory pathway. These results demonstrate that sorting for
regulated secretion is not an all or none decision and that
there is a background of other types proteins in the regulated
pathway.
2. Materials and methods
2.1. Antibodies, expression vectors and transfected cell lines
The antiserum JH93 against the NH2-terminus of ACTH was a
kind gift of Drs. R. Mains. and B. Eipper (Johns Hopkins University).
The antiserum against the KLC of mouse immunoglobulin G was
obtained from ICN Immunochemicals, Costa Mesa, CA. Genomic
DNA encoding the KLC of mouse immunoglobulin G cloned into
an expression vector has been used previously [9] and was the kind
gift of Dr. Linda Matsuuchi. A cDNA encoding the Fc domain of
mouse immunoglobulin (a kind gift of Dr. Tim Reudelhuber) was
cloned into the pRhR1100 vector [14]. AtT-20 cell lines from mouse
pituitary were cultured and transfected as described previously [15]
and stable cell lines were developed. The levels of expression of the
Fc fragment and KLC were 9 10% of the level of expression of
ACTH-related peptides.
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2.2. Metabolic labeling, stimulated secretion and quantitation of
radiolabeled polypeptides
AtT-20 cells expressing the Fc fragment or KLC or mock trans-
fected cells were plated in 24-well plates with 1U105 cells per well.
Cells were radiolabeled with 0.15^0.25 mCi/ml of Expre35S35S label-
ing mix (New England Nuclear, Boston, MA) as indicated for
individual experiments and chased with DME medium containing
excess cold methionine and cysteine. Medium containing secreted
proteins was collected, and cells were lysed at the end of incuba-
tion in the presence of protease inhibitors as already described
[3]. Radiolabeled polypeptides were immunoadsorbed from the media
and from cell lysates (solubilized in radioimmune precipitation bu¡-
er [15]) and were subjected to SDS-PAGE. Radioactively labeled
pro-opiomelanocortin (POMC) and its derivatives were assessed
by scintillation counting of eluted gel slices or by phosphorimager
analysis (ImageQuant software, Molecular Dynamics, Inc., Sunny-
vale, CA) of Tricine gels [3]. Radioactively labeled Fc fragment
and KLC were determined by phosphorimager analysis of gel bands
[3].
2.3. Immuno£uorescence microscopy
For immuno£uorescence microscopy, transfected cells were plated
and cultured on coverslips [16]. Samples were ¢xed 1 h at room tem-
perature in 3% formaldehyde in 0.12 M sodium phosphate, pH 7.4,
washed in PBS and permeabilized and quenched 20 min in 0.2%
Triton X-100, 1 M glycine in PBS. Following blocking for 30 min
in 16% goat serum in PBS, the cells were stained 1^3 h at room
temperature (or overnight at 4‡C) with anti-mouse IgG (Fc fragment
speci¢c for the detection of Fc fragment) diluted in the blocking
solution. Subsequently, they were washed three times with PBS and
stained 1 h at room temperature with Cy3-conjugated secondary anti-
body. In double labeling experiments the cells were subsequently in-
cubated with biotinylated anti-ACTH antibody followed by Cy5-con-
jugated avidin. After washing three times in PBS, the specimens were
mounted in Vectashield (Vector Laboratories, Burlingame, CA) for
viewing by £uorescence. Confocal microscopy was performed with a
Zeiss LSM 410 microscope (Carl Zeiss, Inc., Thornwood, NY), and
images were collected using the appropriate ¢lters, a laser attenuation
in the range of 3^30 and a scan time of 9 2 s.
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Fig. 1. Immunocytochemical localization of Fc fragment, KLC and ACTH in AtT-20 cells. AtT-20 cells expressing the Fc fragment (A) or
KLC (B,C) were stained with anti-mouse IgG (A,B) or anti-ACTH antibody (C) as described in Section 2 and the localization was viewed by
epi£uorescence. Bar = 10 Wm. Cells expressing the Fc fragment (D,E) or KLC (F,G) were double labeled with anti-mouse IgG (D,F) or anti-
ACTH antibody (E,G) and the £uorescence analyzed by confocal microscopy. A single optical section is presented in each panel. Bar = 2.5 Wm.
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3. Results
3.1. Detection of Fc fragment and KLC in secretory
compartments marked by ACTH using double label
immuno£uorescence
Using stable cell lines transfected with cDNAs for the Fc
fragment and KLC, we employed conventional and confocal
immuno£uorescence microscopy to compare the distributions
of the Fc fragment and KLC with that of ACTH. The images
obtained are shown in Fig. 1. Low power images (Fig. 1A^C)
show accumulation of the exogenous proteins and endoge-
nous ACTH at the tips of cellular processes and in the peri-
nuclear (Golgi) region within the cell bodies. In the processes
that emanate from the cell bodies the extent of overlap of
each exogenous protein and ACTH is impressive (Fig. 1D^
G). This overlap is particularly apparent for the Fc fragment
(Fig. 1D,E) Although at several points in the images, the
relative intensities of staining of the Fc fragment and KLC
di¡er from that of ACTH, the general impression from the
corresponding patterns is that both the Fc fragment and KLC
accumulate within compartments that are storage sites for
ACTH. Thus both exogenous secretory proteins mark the
regulated secretory pathway.
3.2. Stimulation of secretion of Fc fragment and KLC
To address the presence of the transfected proteins in the
regulated pathway biochemically, we measured stimulus-de-
pendent secretion following a long-term biosynthetic labeling.
Using this approach we found that secretion of both exoge-
nous proteins was stimulated with 8Br-cAMP con¢rming their
presence in the granule pool (Fig. 2A,B). Quantitation of the
bands shown in Fig. 2 indicated that the secretion of Fc was
stimulated 3-fold, corresponding to a net release of 15 þ 3%
(n = 5) of total radiolabeled Fc (Fig. 2A). The stimulation of
secretion of KLC was lower, yet reproducible, with a fold
stimulation of 1.5 and a net stimulated release of 5 þ 1%
(n = 3) of total radiolabeled KLC (Fig. 2B). The stimulated
release of the endogenous granule marker, ACTH, under the
same experimental conditions was 35% for the clone express-
ing the Fc fragment and 44% for the clone expressing KLC
(data not shown).
3.3. Analysis of secretory sorting of the Fc fragment
As judged by the percent stimulation of secretion, the Fc
fragment and KLC accumulate in the granules to a much
lower extent than the endogenous hormone ACTH. We
were curious whether the lower storage resulted from their
less e⁄cient entry into granules or their less e⁄cient retention
in granules during maturation (as compared to ACTH).
Initially we evaluated the endoplasmic reticulum (ER) exit
rates for the Fc fragment and KLC because e⁄cient ER exit is
a prerequisite for simple analysis of transport through the
post-Golgi compartments. The ER exit rates were estimated
by monitoring the rate of unstimulated secretion [15]. We
measured a half-time of unstimulated secretion of 30 min
for Fc fragment which is very similar to the half-time of ER
exit that has been reported previously for POMC in AtT-20
cells [17]. In contrast, the half-time of unstimulated secretion
of KLC was 4 h, indicating a slow rate of exit from the ER.
Thus only the Fc fragment was used in subsequent studies of
secretory sorting.
To examine the relative e⁄ciency of entry and retention of
exogenous polypeptides, we used the approach where pulse
radiolabeled cells were tested for stimulated secretion follow-
ing short (1 h) and long (5 h) chase incubations [3]. As a ¢rst
approximation, stimulated secretion at the early chase time
corresponds to release from immature granules, whereas
stimulated secretion at the late chase time corresponds to
release from more mature granules. The data presented in
Fig. 3 show that the percent stimulation of Fc fragment is
lower than that of ACTH at all time points examined. In
addition, the percent stimulation of Fc fragment decreases
with increasing chase incubations whereas the percent stimu-
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Fig. 3. Time course of stimulation of Fc fragment and of ACTH.
Duplicate wells of cells expressing the Fc fragment were pulse-la-
beled for 15 min with 0.25 mCi/ml of Expre35S35S labeling mix and
chased for 0, 1, 2 or 4 h. Subsequently the medium was replaced
with fresh medium in the absence (basal) or the presence (stimu-
lated) of 5 mM 8Br-cAMP (8-Br) and the cells were incubated for
an additional 1 h. Following immunoprecipitation and quantitation
of radiolabeled polypeptides, 8-Br-cAMP-dependent release was cal-
culated as the amount of radiolabeled protein in stimulated secre-
tion minus the amount of radiolabeled protein in basal secretion,
expressed as percent of total radiolabeled protein. For ACTH, the
values represent the radioactivity present in mature ACTH peptides
(ACTH, glycosylated ACTH and K-melanotropin-sized material) ex-
pressed as percent of total POMC-related peptides (each corrected
for the number of methionines). ACTH, open bars; Fc fragment,
hashed bars. Error bars correspond to S.E.M.
Fig. 2. Stimulation of secretion of Fc fragment and KLC. AtT-20
cells expressing the Fc fragment and KLC were labeled with 0.15
mCi/ml of Expre35S35S labeling mix for 15 h. The cells were ¢rst
chased for 5 h with DMEM in the absence of secretagogue (chase
1) and then in the absence (3) or the presence (+) of 5 mM 8-Br-
cAMP (chase 2) for 1 h. Immunoprecipitated Fc fragment (A) and
KLC (B) from the chases are shown.
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lation of ACTH remains relatively constant suggesting that
the Fc fragment is poorly retained in the granules relative
to ACTH.
4. Discussion
Over the past few years, evidence has grown that the im-
mature granule contains several types of proteins other than
those identi¢ed with regulated secretion. This situation has
been di⁄cult to reconcile with the more classical view that
entry into the regulated secretory pathway requires a sorting
signal or the ability to interact with a protein having a sorting
signal [1,10,18,19]. A major factor in sustaining the classical
view is the notion that constitutively secreted proteins lack
sorting signals and therefore cannot enter the regulated secre-
tory pathway. Our results show that two polypeptides, KLC
and the Fc fragment of mouse immunoglobulin, that mainly
undergo constitutive secretion are included in the regulated
secretory pathway.
The ¢nding that KLC has access to the secretory granules
in AtT-20 cells contrasts somewhat with a previous study
which reported lack of stimulus-dependent secretion but
found accumulation of KLC in the tips of cellular processes
of AtT-20 cells [9]. Our results clearly show a small but re-
producible stimulation of secretion of KLC. The low stimu-
lation of secretion over the high background of unstimulated
secretion (due to slow drainage from the ER) might explain
why a negative conclusion regarding the presence of KLC in
the granules was reached before. An additional strong argu-
ment for the presence of KLC in the granules is the demon-
stration by confocal analysis of coincidental immunolabeling
of KLC and the granule marker ACTH (Fig. 1F,G).
The realizations that immunoglobulin polypeptides have
access to the regulated pathway but are stored with lower
e⁄ciency than the endogenous ACTH lead to a number of
implications regarding post-Golgi sorting of secretory pro-
teins. The most evident implication is that proteins without
sorting signals may enter forming granules to the extent that
there is accessible volume. Accessible volume may re£ect the
relative rates of several parallel processes including the con-
densation of proteins for regulated secretion, the separation of
condensing vacuoles from the TGN and the formation of
other TGN-derived pathways. Already, it has been shown
quite clearly that lysosomal prohydrolases have access to the
granule pool [4,7]. In view of our results on KLC and the Fc
fragment, we suggest that previous reports of regulated secre-
tion of hepatic apolipoprotein A1 [20], IGF-1 [13], parathy-
roid hormone-related protein [21], certain forms of ¢bronectin
[22] and gp80-clusterin [23] do not re£ect the presence of a
sorting signal but merely inclusion in the accessible volume of
the regulated pathway.
Second, the low levels of storage of immunoglobulin poly-
peptides relative to endogenous ACTH suggest that e⁄cient
storage of regulated proteins requires a mechanism for en-
hancing their entry into and/or their retention within granules
above the background of unsorted proteins. The possible en-
hancement mechanisms could include interactions with sort-
ing receptors as has been postulated periodically [1,18,24,25]
or selective aggregation of regulated secretory proteins during
granule formation and maturation [26^28]. It is clear that the
ACTH peptides are more e⁄ciently retained within the gran-
ules (Fig. 3) than the immunoglobulin polypeptides suggesting
that a retention mechanism is operating at this level. How-
ever, further experimentation will be required to determine
whether the ACTH precursor has enhanced access to the
granule or whether the lower storage of immunoglobulin pol-
ypeptides is simply a consequence of their e⁄cient removal
from the granule pool. Since the immunoglobulin polypepti-
des appear to enter the granules without sorting, the observed
di¡erence in the degree of storage of Fc fragment and KLC is
likely to re£ect di¡ering contributions of two opposing proc-
esses : removal from granules and propensity to associate with
granule content proteins.
Finally, the ¢nding that the Fc fragment and KLC are
present within the regulated secretory pathway implies that
proteins that are truly excluded from the pathway may be
subject to interactions that ‘sort’ them for other destinations.
Indeed, since the truncated VSV-G protein and heparin sul-
fate proteoglycan are both known to interact with membranes
[9,13] they may be precluded from simply accessing the avail-
able volume in di¡erent branches of post-Golgi transport. In
conclusion, it is now clear that constitutively secreted proteins
are able to travel along the regulated pathway unless speci¢-
cally restricted from doing so.
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